™

Z003020/6€ - ™
00

o0

CONTRIBUTION OF ION CHANNEL-BLOCKING BY OXIMES TO THEIR

THERAPEUTIC ACTION AGAINST SOMAN POISONING IN VITRO. '

John E. H. Tattersall

Blology Division, Chemical and Blological Defence Establishment, Porton
Dowm, Sallisbury, Wiltshire, SP4 0JQ, UX

Oximes, which reactivate inhibited acetylcholinesterase (AChE), are
used to treat polsoning by organophosphorus anticholinesterames. Some
oximes produce neurcomuscular recovery even when the inhibited AChE has
undergone dealkylation ("aging~) and can no longer be reactivated. It has
been proposed that at least part of this "direct" recovery may be due to
blockade of nicotinic lon channels. I have tested this hypothesis by
conparing the direct racovery produced by a range of these compounds with

their channel-blocking activities.
Direct recovery was measured in soman-poisoned diaphragms from

guines pige. Single channel recordings were made from the endplataen of

dissoclated adult mouse flexor digitorum brevis muecle fibras.

Both oximes and non-oxime analogues could produce direct recovery.
The compounds which caused the greatest recovery also produced a very
rapid, flickering type of open channel blockade. Sevecral parameters of
channel blockade showed strong correlations with the degree of rocovery
mmasured (n dlaphragms over the range of 12 compounds tested.
Furthermore, dose-response relationships for direct recovery and channel
blockade were very similar. The reasults support the suggestion that
onime-induced neuromuscular recovery from soman polmoning in vitro iam due

to lon channel blockade.

(¢) Sritieh Crown Copyright 1993/mMO0
Published with the permiesion of the Controller of her Nritannic
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INTRODUCTION

Oximes are used in the trsatment of poisoning by organcophcsphorus
anticholinesterases, ard are genarally telieved to axert their therapeutic
effect Dy reactivating the inhibited acetylcholinestarase (AChE). With some
organophosphorus compounds, particularly scman, the inhibited enzyme rapidly
undergoes a dealkylation rsaction, called aging, to form a complex which

cannot be rsactivated by
oximes (Stares, 1976). Some
oximes have been reported to
be effeactive againast soman
poisoning, even after aging
of the inhibited AChE has
taken place (Stares, 1976;
Hamilton & Lundy, 1989).
Furthermore, similar
protection against soman has
been found with related
compounds in which the oxime
group required for
reactivation is absent
(Stares, 1976; Clement,
1981). These observations
indicate that such compounds
have an additional
therapeutic action which is
not relataed to the
regenaration of AChE.

The therapeutic
affacts of some oximes
against soman poisoning can
ba demonstrated in vitro
using the guinea pig phrenic
nerve-hemidiaphragm
preparation (Smith et al.,
1981; Prench et al., 1983).
The neuromuscular recovery
preduced in these
expariments is rsversed by
washing out the oxime and
thus avpears to ke due to a
direct pharmacological
action, One possible
machanism of this effact is
that the cximes may block
the ion channel associated
with the nicotinic
acatylcholine raceptor and
thus countaract the sffacta
of excessive cholinergic
stimulaticn (Alkondon at
al., 1938; Alkondon &
Albuquerqus, '38%)}. In order
to investi{gate this
poasibility, the actions of
a rarqge of oximas and
ralated compounds were
studied {n guinma pig
diaghrayme 1o which aging of
thia acman-inhibited AChY had
taksn placoe. Tre
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Figura 1. Structures of compounds tested.
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concentrations tested were similar to

those achieved in blood plasma following

therapeutic administration in vivo.
Thewe actions were then compared with
the effects of the same concantratione
of the drugs on nicotinic receptor ion
channels in mouse muscle endplates,
studied with patch clamp tuchniques.

METHODS

i) Phrenic nerve-hemidiaphragm experi-
nents

Male Dunkin-Hartley guinea pigs
were stunned and killsd by
exsanguination, and the left and right
hemidiaphragms were removed and prepared
for recording in a similar manner to
that described b, Bulhring (1946). They
ware suspended Tyrode solution and
stimulated via the phrenic nerve. The
stimulus intensity was adjusted to
produce supramaximal etimulation of the
preparations. Muscle contractions wers
recorded from a baseline tsnsion of 4g
using an isometric fcrce transducer.

Single twitch responses, elicited
every 10s, were recorded throughout the
expariment. Every 1S5min, a 50iiz tetanus
was elicited fov a duration of 3s.
Following control tetani, soman (IOJM)
was added to the tisxue bath for IOmin.
The soman was then remcved by washing
and the preparation was left for 30min
to allow the inhibited AChE %o age
before addition of the test compound.
The test compound was added to the bath
for 30min. This was than washed off, anf
30min later a asecond dose of soman (10

M) was added to the tissue bath to
inhibit any reactivated AChE. All
compounds were tested initially at a
concentration of 200uM, this being the
highest blood plasma concentration which
ims usually achieved during studies of
oxims therapy in vivo. 1f a compound
significantly blocked twitch
contractions at this concentration, it
was then teseted at lower concentrations.
The cowpounds tasted are shown in Figure

Neurcmuscular function was
assessed by measuring the tetanic
tansion ls into the tetsnus. This was
axpradsad aw a percentige of the mean of
three tetani recorded rcefors the
application of aoman. Three aspacts of
neurcomuscular recovery following oxime
administration ware moeasured as follows:
{a) recovery due to dirsct
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rigura 2. Cximes induce recov-
ery in soman-poisoned dia-
phragms by a direct actien.
Graphs show mean + SE for 4
preparations. Insets are repre-
sentative contractions at the
points indicated.
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TPigure 3. Racovery produced by oximes in guinea pig diaphragm
following soran poisoning. Solid columng, direct action; hatched
columns, reactivation, open columns, residual recovery. Statisti-
cal significances: #*P<0.05; ##%P<0.01; **#pP<0.001.

pharmscciogical actions of the oxime on the muscle was measured by rubtracting
che response after washing out the oxime from the respanase before washing; (b)
oxime=-induced reactivetion of acetylcholinesterase was calculated by
subtracting tha reaponse after reinhibition by the smcond dose of soman from
the response aftar washing out the cxime but before the sacond application of
soman; (c) tha remaining recovery following the second dose of soman was
termed residual recovary, since ir was due neithar to diract action of the
oxime nor to reactivation of acetylcholinasterase. The residual recovery haa
been termed adaptation by Smith et al. (1981).

ii) 3ingls Channel Recordings

The praparation of dissociated adult mouse muscle fibres has baen
daacribed praviously (Tattersall, 1991;. Single channel currenta ware recorded
in call-attached patches at or naar the andplate region with an Axopatch-18
amplifier and analyyed using the programmes pCLANP, IPROC and LPFPOC (Axon
Instruments). Datails of the analysig have been descrikbed pravicusly
{Tactaraall, 1991). ¥oast measurements ware macde at a membrane potential of
~BCmY, but the conductance was cal-sulated from maasuremantas of single channsl
anplitudes at a number of diffarent membrane potantials.

RESULTS AMD DISCUS3TION

Agplication of soman (100nM) teo the diaphragm pravaration blockad the
sustained phase of the tetanus, #c that all that remained wan a briaf, rapidly
dacaying contraction (Pigure 2). Tha tansicn la after the start of the tetanrug
waAs racducad £5 lema than 3% of lts control walus by scman. In control
axparimante, in which no oxime was agplied, the blockade wag not removad by

~3
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washing off the soman, although there was a gradual increase in the tetznic
response over time (Figure 2A). This recovery was not dus to spontaunecus
regeneration of active AChE, since it was not blocked by a second application
of soman.

A number of the oximes tested, such as PMX, produced a recovery of up to
50% of the tetanic response, by lengthening the decay of the tetaanus (Figure
2B). Most of this recovery was reversed by washing off the oxims, and waa
thersfore considered a direct action of the oxime on the muscle. The remaining
response was not due to reactivation of AChE, as it was resistant to blockade
by a second dose of soman. Similar results wers obtained with some of the
compounds which lacked the oxime group, such &s SAD-128 (Figure 2C).

The results for all 12 compounda testad are summarised in Figure 3.
LAS4, P65 and SAD-128 significantly blocked muscle twitch at a concentration
of 200uM, and so were tested at lower concentrations. None of the drugs
caused significant rwactivation of AChE, and only one of tham, P2§S, produced a
significant increase in the residual racovery remaining after the second doae
of soman. There was, howevar, a wide variation between compounds in the degree
of direct action on the diaphrsgm. The monopyridinium compounds had no
significant direct sffect, but many of the bispyridinium drugs and PMX
produced a very marked direct recovery of tetanic tensicn, up to 30% of the
control response. Thase measurements of the direct therapeutic effects of the
compounds were subseguently used for comparison with their channel-blocking
activities.

Single Channels
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Fijure 4. Oximes ©block open i1on channaels. Left panels,
raprzsentative single channzl opvenings. Right panels, averaqges of
103 openings. The memhrana potential was -R0mV for each patch.
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The drugs were tested on single nicotinic receptor ion channels at the
sama concentrations which had been used in the diaphragm recovery experiments.
Typical recordings are shown in Pigure 4. The left hand trace in each panel is
a representative channel opening. The right hand traca in each panel shows an
snsenble current produced by averaging 100 single channel bursts.

The rmcords are arranged in order of increasing direct pharmacological
action measured for each compound in the diaphragm. In control patches and in
the presence of drugs which had no significant direct action, the channel
openings were simple squars wave events interrupted by only a few brief
cloeings, and separated by long silent periods ranging from tens of
miliiseconds to several seconds. The noise level of the open state remained
similar to that during tha closed stata of the channel. The ensemble currents
in these conditions dacayed according to a single exponential function.

Compounds which had pronounced
direct actions in the diaphragm produced
a rapid, flickering block of the
channels, so that the openings tock the
form of bursts of short aevents. Many of ¥

the events were too brief to be ® Contro
completaly resolved by the SkHz O Oxime
bandwidth of the recording equipment,

and tne apparent amplitude of the single

channel current was smaller than in

control patches. Tue noise level of the

open state was often greater than that vEnT r

during the closed state, probably
reflecting the presance of unrasolved
brief eventa. The ensemble currents
cbtained in the presence of these drugs
showed dual exponential decays and
smaller peak amplitudes than in control

v # o

patches. Bl
L] - » o -t
In order to quantify the channel- ot s, %
blocking properties of the compounds for
corralation with their direct actions, ooy %SIQVqJZT

saveral parametars of channel block were
measured. It was zomatimas difficult to

- ' L]
measure thase accurately due to the ; _I . ;- .
incomplate resolution of lndividual ,} . . . *
avents, and this jave rise to } -« . ‘ 1T e
considerable scatter in the data. .f M
.Nonethelzss, each of these parametars I e e e m m =
showad a strong correlation with the O Aommee 2 Ot w3
direct acticn measured in tha diaphragm
axpaciments (Pigure 5). Compounds with -
larye Airect actions reduced the =
conjuctﬁnce, méan open time and burst Flgure 3. Direct {cfion correlates
open probability of the channels, and with open channel biockade. Filled
iacreased the mean burst duration and circles, markad by arrows, contrel
the mean number of eventg in a burst. values; opsn circles, valuas In the

pressnce of oximes or analcgues.
Concentration-Rasponse Palationzhips

If the direcc action aeen in diaphragms was indeesd raealataed to channel
blocking by tnz oximes, the two affects would be expacted o show aimilar
concantraticn dapendence. Two of the compcunds which showad tha greatest
e*fecta, PMX and SAD-12%, were thararfore studied further by investigating the
actiong of diffarent concentrations on soman-poiacned diaphragms and on aingle
channals. Figura 6 showe concentration--esconae relationshipa obrainrd with
PMX. Significant recovery of the diaphragm dus to direct acticn of tha oximn
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appeared at a concentration of 100uM. In patch clamp experiments, the
threshold concentration for effects single channel parameters was very
similar, between 50 and 100uM.

With the non-oxime compound, SAD-128, direct rscovery appearsd at a
lower concentration than for PMX, 20uM, but the concentration-response curve
was less steep than the one for PMX (Figure 7). Significant effects of SAD-128
on all of the single channel parameters measured appeared at a similar
concantration, between 5 and 10uM.
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Figure 6. PMX concentration-~ Figuraes 7. SAD-128
responsa relationships. concentration-response
Signiticant differences from relationships. Significant
control values: *P<0.05; differences from control
*AP<Q,01; **%P<0.001. values: *P<0.05; *2pP<0.01;

**2pP<0.,001.

Relavance to therapeutic and toxic sffects

It is beccming increasingly apparent that mechanisms of action of
pyridinium compounds other than reactivation of inhibited ACHE can be
cenaficial in cases of organorhosphorus poisoning (Rousaeaux & Dua, 1389).
Bvidanca frem a numbar of atudisa suggests that thesge alternative mechanisms
are more Important in the traatment of 2oman poiasoning than against cther
organophosphates, prasumably dus to the rapid aging of woman-inhibited AChE
{van Halden et al,, 1931). It has besn suggested that nicotinic receptors are
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an important target site (Clement, 1981; Su et al., 19293), and that the
channel-blocking action of oximaa may be related to their antidotal properties
against organophosphatas (Alkondon et al., 1983; Alkondon & Albuquerque,
1989).

The present study provides strong evidence that the channel-blocking
activity of oximes and analogues does indeed underlie thair ability to produce
recovery of neuromuscular transmission following soman poisoning in vitro. As
pointed out by Prench et al. (1983), however, thesw in vitro effacts of oximes
on neurocmuscular function cannot sasily be translated to in vivo effects,
since the neuromuscular recovery does not correlate well with in vivo
protection against soman polsconing. Thus, whilst the channel~blocking activity
of oximes appears to underlie their antidotal effascts in the in vitro muscle
preparation, it cannot fully explain their actions against soman in whole
animal protection studies. Othar effects may ba important, such as ganglion-
blocking and antimuscarinic activities (Clement, 1981), and it hag been
suggestad that scma of the oximes may cross the blood-brain barrier to have
effects on the central nervous system (Rouseeaux & Dua, 1589). It is also
possible that harmful side effects of some compounds, such as thcee described
for some pyridinium-4-oxime3 (Schoene, 1976}, may diminish their beneficial
actions.

Although the therapeutic activity of bispyridinium compounds against
soman polsoning is stiil not fully understood, the results presented here
demcnstrate hcw one maechaniam of action of these compounds, open channel
blocking, could contribute to their overall antidotal effectivenesa. Unlika
competitive antagonists, which prevent channel activation, channel blockers
are able to modulate rather than eliminate nicotinic receptor functien. A
competitive antagonist, such as tubocurarine, wculd counteract the affects of
ACh by preventing activation of a proportion of nicotinic receptors, but the
antagonism could be overcome by increased concentraticns of ACh accumulating
at the neuromuscular junction and competing with the antagonist. Furthermore,
there is a danger that high concentrations of the competitive antagonist would
block neuromuscular transmission completely.

In contrast to a competitive antagonist, a channel blocker with rapid
kinatics, such as many of the blapyridinium compounds tested herae, would
raduce the mean currart flowing through a channel during a burst without
greatly altering the burs% length or affecting channel activation. Such an
action would provide an effsctive counter to tha overstimulation of nicotinic
recaptors at an endplate subjectad to ACh accumulation following inhibition of
AChE. Purthermore, open channel bluckade is usa-depandent, so that the
antagonism would become stronger as mora channals were activated. In addition,
the rapid cycling of tha nicotinic receptor lon channael between blocked and
open states could serve as an alternativa pathway to protact the receptor from
dasensitisation (Alknndon & Albuquerque, 1989). A further advantage over
competitive antagonists is that high concantrations of such channel blockers
would be lass likely to block tranumission complately. By selecting cximes
with optimal channel-blocking properties in addition to their other beneficial
activitiss, it may bm poasible to improve the effectiveness of current
treatments againast soman polaoning.
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